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Ths'primary 6bJettive of this project be.s been the development of systot
thait rea'trn in dynamic and open-ended e0'vlromenC and that use metvur1ks as
their primary repyeseuCation language. The focuis of our resS.Y~h bar. been
tewporal reseoringnc eural netvor1ks, truth maintenance, aod default rcaixonua~
This invest:igation be* led to several basIc results: the expr.593YenCeR of
counaraint networks vas analyzed. tractable classes af ccrnktrauit 9SaCSfac;Sa
pTrb)CP' were ideatified ana etfrcctSve processing techniques were developed.!
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Approve d f or publica rel1ease;
distribution unlimited*SUMMARY OF RWMARCJI RESULTS

Spociflcauly. th follwing =osuts wae obtine "asg " powin of petfcru'anew:

1. The.dale limitS w=r obtaind oni fte %Icuva of auistruint ntworks thet ixmft%
hidden wiabks. Tmudo..cLfs werc establsead betwee fth runn of hicifen manbles re-
quizri and "h size of fthei dw Wd MMcaw that an adbkrazY reltio be =PtWeabl as a
xmotrgia nework Simflar meloatioshps v=r &eveloped between fth sinas of fth vsiabWs

domads and fte level of liwal conuamenicy to ensu' &Wba amn~slawy.
2. DIM&GdbUU, wdf-atblhizlng alMIthMM wMr &Wveope for solving a gecciul neawvu coo

siscmcy probebM. and for pahrfming Vuth-fuantea= tLsaikon ftaly-conactd suuoc-
twmcs Effeulve method wern dewuped for combining qualitativo an quadndtibe Intor-
madon for teff"oralreasonifts.

3. New upplications or contstmint aftw~tWO warn idonufied in 1110 area Of dd~mlt reasoning.
lmading to new eff=Uctv algoritms and usctable sublanguages for epmetin~g defeasble
infearmtim.

4. A new ftramwork was devakolei for planning under uncemi~any. combining causal nW-
works. qualtative probabilides, and qualita~ti utilities

Resdlts lIste under items 1 and 2 abaft art dc~ibed in fte accmpa nying Hat of pubi-
catifins. The following is an elaborazioo of rzc achevaments summarized uide, itms 3 and
4 above.

Defaula res.4ing with Canstraint netwer

noe =ran godl of Whs ptqica has becti to identify fth fteatur that mreda' cWt n ctauuea
of non-nsoootonl fathee tratale and to implemet ou ftndigs in a working syK . Toe
approach has bano to. msp, default thcoies inob well vndew)od languajgezsuch as lwopositioal
logic and oonstrant vetworks so as to bwnfer sernandes and techniques frnim sthela to tho
fouiner.

The aproadv was; purwed by Rache Ben-Ellyahu OWh. July 199) and has led to me
makal ialts, sumnirrrie in six publications. Bsically Rachc has shown wthat Cotray to

parvaiint folNor and -som, unrealistic dwaauuical rmk)u, Practical flon-flEno1tNIc rew~iflg
nmi not be haidw ftha monot n~iceaoning. She has found a way or transatint, non-rrn="onic
tanks to pmositional. fthoris such Mhat quanes (About numbenhip and enguIlrner) posed in the
frcn'cifuurwwvk cn be answere by theltte.

We Weniv iheic reults will hav a sgnirficant impact on fte ventual (ard inevitable
iniplemuintatiui of commonscnsc noaming in prac" ca ompuwe sysuem. COW mor e roent ex-
plorations alin at finding a tranlatloa (uslag Cairk's ocmmpLetic) tbat will permit fte impletneu-
tatlon of defaul logic in ezsfti FROLOG synerm.

Qualitative p~lann~agumdw uneulainty
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Moat rul-worid knowlcdge is exem•d• qatlldvcly yet iais pmarmd by principles
other than M of classical logic. World knowledge InchMde, for camplle the lypicsl prrplecs
of objects and ciLsscs, what an aggat should expect given facts oeored in do world, and how
the world would rcact to actions taken by the agent. Such facts and expectations, art usually ex-
pressed in the fonn or local ,entemoca which Olmit exczpons and there bas been a long lea-

sion betwen she ftfo al and pobabli•t• c appr•o •es ofprocessing such seencs.

Tbe monthd of qualitativ probabilities we ha been dcveloping in the pst few ycars
(firs with 11. Gdefner "11i), 1990) and. imo recently with M. Goldszrrd (PhD. 1992)) provides
ways of combining logic and probaities so as to achieve the benefits of bodh. With the aid of
this nxthod it became posible to derive nas-i prioriies aimonz wonf•lk• c ,rnmsu.w and To
answer qoks without computing explkit rankings of noddIs or fowniil. 1U result i5s
seri-mtcrabe acWsunt of planusbkl bcliefs which, as in classical keulc am qualitative and
dedoctivcly closed and, at in probability. are subjet to ramcdon and to vaying degrns of
limmess.

A major przwcs along this resacarc is the suwcesdul incorporation of causal expr..-
,dons, which has been an emubaming stumbling block in all non-mcmoonlc syummn.. This last
sep has provided a genuine qualitative counterpart to probabilistic netwoks and now o9leri a
unifying framework for plifoming prediction, abduction, inheritance, and control. Our mou
recent achievement toward a fully aumnecous reasoning pan has been the devtlopmern of a
qualinttive declimg theory which combines quoll. rive Informntion about utilities and lkcli.
hood, thus providing the basis for qualitadiv planning vinder uncertainty.

"Vic muprising aspect of ot finding his ben the •coomy and simplicity of the
knowledge nrquired for implmcnenting this cheben. In puticular, we have shown that adding a
single ciusal notwodk as part of dhc agent knowledgel bow is sufficient for ujucifyig the dynam-
ic of bcliefs under any psencc, of actions ad obmrvatims, thus facilitating the analysis of ac-
tions. th&r consequenccs, thcir interaction with obseratons, their expected utilities and, hence,
the symnesis or plans and surategies udcr umtainty.

In sunmnary, we haew developed a compvhenuive fmfncwmk far a practical autorwnous
rmasoing asnt that is unique in several nespects: It is grounded in sound palbabltis•c srsma-
tics, it is tactablc for many practical pnracs, and it is veruatile, incioraq ing variable-strngth
expreWsons pooling of cvklckn actkos, causo.cffcet relationships and utility infotmation. We
believe that this systen wif be the from irunner In applications invoiving wwar Inteqprelation
planning,. and control.

List of Publicat•io ReIthlIng from the AMOSR Award

Giger, D. and Pewn L., "Logical and Almthbn P10M les of Conditional lndependcric and
Graph Separation," The Anwh ofSt,,cs, December 1993.
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I-cad. L., " FIrm Adams Conditionals to Delbilt Expmtdoeiu Causal COrulirional "n Cburnkw-
factual.," forthcorinig in R. Sk~yw (Ed.), pexWkr$for &zRncfi Admt.s
Cambridge UnlfveniY Press, 1993.

Pow)., I.. - AuWcw of GrWAhic Models Cinuaomd WMt CIusaity," to be fpit CAd at ft 411
Session if the Interriadoaa Swdwical IiLxaa, likwevce, Iwaly, August25.
SeptemnberZ7 1993.

Peal, J., --Graphic*] MofteLs Causality, and Jauentimoa" Canmecsam ci:'Unme Depcmlic-
desa kcpresened by Chainu Graphics! by Cox, I). and Wemuath, N.. anM
'Baywman Analysis in Exiw Syaieas by Spiegulhalaer. Dawid, Lauiitzcn,

adCowell. in Staiwkca Scke.e 26&-269, August 1993.

Pearl, J., "l1;tm Conditional Ouights to Qualitative Decipoui Theory" in D. Hfekernan and A.
Mamdfani (ld..Prowdinp of 11W Ninkh Ceitferexce on Uncerrainty in
AndfidcIahutileace. N~wpn Kaufnmau CA. 12-20, July 1993.

Verrye, T.S. and Pearl. 3., "Deciding Morality of Oraphs Is NF-Couraldc&" in D). )4ackti-tax
mad A. Mamduani (rws.). hwoeeding c(Lw Ninah Cooearace on umenami-
tyinm Artificid awlregence. Morgan Kauffivn, CA. 391-397. July 199.3.

BCn-Ifliyahu, R., "Ficnt Ptogjam Comploilon to Default Logic," to be pcantcd at the Inerna-
diuaid Workshop on Logic Programmiung and Numprawmofnic Rezonift
(LPNVMR 93). L'sbca. Palugal, lun.1993.

DcchWc. A.. Dechter. R., and Schwalb. E., "Xcdndwcixaid in Constraint Networks." UCLA
Cobmpuma Scleiaeo Dqwatmncat, Technzical Report (R-196). April 1993.

pm)l, I., 'Prom Adav ms' ondloas to deftah exptusons, causal condiuionaht. and wutrn-
tactuals," to appoear in PestscWrf for Ernest Adens, Can~idgc Uni vusity
Press, 1993.

L. Meldt and IL Dechter. 'EzPcdmcnsal Evalustlkm of Constraint Procesing;' 10 SPPiW In
Arrijickdlinefisience Journal, 1993.

Pearl, J., "Badie Netwofs Revisited," An*Wfe Iuetewlew. 59, Eluvia, 49-56,1993. (bint-
ad- Special Isare, "Al in perspetive")

Goldswznidt, M., Morris P.. and Pearl, J.. "A Maxivaum Entopy Approach to Nounmnotonic.
Reagoing." I WXXTh~ iwuaaions on Palftm Analsti and Machin IWOll-

sewa, Vol. 1 5, No. 3, 220-232, Marc 1993.

Couigc, D)., Par,, A., and Pead., J., "lcaring Sifmple Causal Networks," Inrgraibagirl Jowa a
of Itligeftr Systerm, John Waly and Sons, I w.. Vol. 8. 231-247, 1993.
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&li-Eyahu. R. and Dechtr, R., OInferw, in fahetce~~c ratworks using proposiuomi kogi
and constraints retworks tuchwsque AI-92: Proceodiigs of the Pik Cana& d-
an conference on At, Vanooiver, Drdsh QbmibimW. Cknada, 193-1 89,1992.

Docluer, X4 and Peal, J.. *Smaur Jdndfiction in Relaonat Mlna.0 AnihWa lua4eli~ence, 53
(1-3), 27-3127. 1992.

Dcbm~r, R. "Thvmr locl to global ooisstiney.' Amdfidol Intefi~gence, 55, 87-107, 19n2

l'carI, 3. and Vana. T.. "A &tadsdical Sermntics for Ommuwnm0 Smadskz and ommnyiaig, Vol.
Z 91-9S. 1992.

Pcn-Miyahu, R. anid Dechter, R., MOD Computing Minium) Moutlxu" UClA Cognitivc Systc=~
Laboratory, in Proceedings of dw 11th Plahiord Ca.(evew An.4nlidl In.
tefigene., AAAI93, Wavhibgton, DC, 248, July 199.3.

(joldsrmidt, M., "Vualftadvo Probabliiiles: A Normativ PFanmwork for Cmamo~nam Rea-
svning.* UVLA Cognitiva Sysmm anaboratory. Toour ca Repvrl (R-J90)
(PhD disserlation), Cbmobcr 1992.

Goldsnnid4 M.L and Pbed, J., -Rank-besed "hSW= A sinyle approach to belief zevhisi, belief
update, and reasoning about evkdenc and actionrc," In R. Ndcel. C- Rich, and
W. Swmnoui WBs.), ProcmA4Lgs 4f the Third Intur indioo Conerence on
Knowledge Repmsenmaion and Rmasnb[g. Cambddge, MdA, 661-672, Oc~-
tober 1992.

)DPhtcr, . and Dohia, A., *StruauctwDtvai Algold..m fbr Truth Maimnicnarx" UCLA Cog-
nldvc Sytems Laboratory. 7hchncal Repors (R-182, Remionm 11). Aujust
1992. Subtmiud aAraaficiulrAXelkene.

Goldcmiid, ht and )hoarl, L, "Reusoing With Qualitative Phobsbilides Can Be TrwAilble," irk
Proceedings, &hk Coifc'ence on Umcraintmy in Ar~dtifca lnftisiexce. Sta*-
ford, CA, Morgan Kaufmann, San Mateo CA, 11 2-120, July 1992.

Pinkar, (L, and Dechter, XL, "A connectonit eamp vflnimb~ion algpfithm that cpuimizes tree
subnetworks.' in Proceedins of thue Nadoral Conere ice on Artificial haud-
lisence. San Jose, CA, July 1992.434-439.

Viav T. S.. and Pearl, J., -An Algorithm for Dedi ing ifa Set of Obsova Indcpmudcncics has
a Causdal iplmtio, in proctadins. &1k Colference 011 Utwaainuy in
Arlificial loclligence, Stanford. CA, Morgan Kaufuman, San Mateo, MA
323-3.30, July 1992.

TDmhw, R., wConstrint networks", &ucyckpedia of Af. 2rd Editlon. John Wiley & Sons, New
York. Januay 1992.276-295.
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l)cchftr. Rt. & Meiri, I., iaxpoini-non Evaluation of PtuuumuuinS Tccluuques in Constnisu.
Satisfaction Problemns.- UCLA Codin~i~ Systems Labormlocy, TecAfchda Re.
poWt CSD4MW3 (R-174), January 1992 To appew in Artificial Jar e-
sacM".

Mfin, L, wrcmpniI Reasoning: A Czismlat-Bamed ApprosdL UCLA Cop5 iuw Sysems IA-
boratory. TCChAIca RqrV (R-1 73) (PhD! disimsuadon), Januay 1992.

Pendl, JL. "lipsilon-Semiantics. Encyckypedia of Al. 2nd Edition, John Wiley & Sons, Jnc., New
York, January 1992, 463-475.

Pearl, ., 'Rejoinder to Comments on "Raonlng With Bele Ivenctions: An Analysis of COmnpa-
dbility', lvucvriarinel Josvmu of Appozinwe RemaingV, 6. January 3992,
42S-443.

Pearl, J.. 11Baycslan Iunference Methods," Fancyclepedid of At, 2nd liditian, John Wiley & Som.,
Inc., New Yor~k, Jarnuoy 1992,19-96.

Pearl, J., "Pmbabilbstic -Semantics for Nonnmotoonito Rmcing: A Survey." in RL Cummn;An andi
J. Pollock. EdaL, l'Iaisopkj' and A[ - Ersays at the Inwiwac, BriudowmI
BoAkrMIT Press Cambridge, MA, Dwmhir 1991,1 S7-197.

(kvldszNidt, Pd, & Pearl, J., "On the coexastncy of ddefesbic databases." ArtifcWa IneUigence,
52, Dleamber 1991, 121-149.

Bcn-Eliyaliu. R. and JDecbtcr, Rt., "Pzupo~donal Samancs fbm DisjwuctIvc 1.4c ftoganms"
Qpgnibive Sysftmr Lab. UCLA. R-170, 1991. To appeas in AxnaUt of
Met hojo0~WidC& AL.

Dcchtcr, R., MchI, L.. and Parl J.., '7anporu Cnwaln: Networks.'Anfl al Inhteftenc, Vol.
49. 1991,61-95.

Decx~cc, Xt a&M earl, J., 'Threted CcAstraint Nctawwb A Relational Frmnework for CaALI
Modelfng." in Procadhtst, 12th lp~epafono Joint Corfrcncc of Ani~cala
Imii e1gencmr (IJCAI-91). Sydney. Austalia, August 2430, 1991. pp. 1164-
.1370.

NMgiri, 1. "Comnbining Qumlitntivo and Quntitative Constrints in Tappoaul Reasoning. Jn
Prom~dings, AAAI-91, Anaheim, CA, July 1991. Vol. 1, ipp. 260-267. To
appear in Anq~ical Intelligence.

Collin, 7., DwJ~tci, 1L. and Kam7, S., "On fthFeasiblifir of Distributcd ConsiMn Saiiztaction.
In Proceeding:, IJAI-91, Sydney. Anuzilia, August 24-30, 1991. pp. 319-
324.
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Bcx-r-iy&bu. R., Wn Dochler, R., 'l)sfaulttLk, Plaoioa 1,0& wad Cntrawas." In
Prowedhbgi, AAA-91. AnAheim, CA, July 1991, Vol., 1wp. 379-383.

Collin, Z- & R. Dcchicr. "A Disb~ibuted Soludon to fts Ntweawk Co~semy PiobkCm* In
Proceedfts, ISMJS-1O, rm~ville, TN?, pp. 242- 251.

Mviri, L. R. Dechter & J. PWI, 'Tzve Doconipositiao with Anfflscado (0 Colarsinih Pmocess-
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Dccditr, R. & A. Dcchctr, NStrucm-Dreivtn Alarishwm for TW6t Maiatnan 1JC..A Cog-
Wisvc Syauns Ubomtory, Techrd aRqwn (R-138), Jrebroary 1990.

MWK, 1. & I. Ptafl wPaswe Consulnt Saildaadoan Algrithms for Temporal Reasoning."
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